AZT (lot No. 063H7819) was obtained from Sigma Chemical Co., St. Louis, MO. The purity of AZT was assessed by means of elemental analysis, UV spectrum analysis, nuclear magnetic resonance spectrometry, and mass spectrometry, as well as by means of high-performance liquid chromatography with two different mobile phases (data not shown). All of the parameters were consistent with literature values, confirming the AZT structure and assessing the purity of this lot at greater than 99.8%. The determinations were performed by Dr. Haleem J.
Background: When given during pregnancy, the drug 3-azido-2,3-dideoxythymidine (AZT) substantially reduces maternal-fetal transmission of human immunodeficiency virus type 1 (HIV-1). However, AZT has been shown to be carcinogenic in adult mice after lifetime oral administration. In this study, we assessed the transplacental tumorigenic and genotoxic effects of AZT in the offspring of CD-1 mice and Erythrocebus patas monkeys given AZT orally during pregnancy. Methods: Pregnant mice were given daily doses of either 12.5 or 25.0 mg AZT on days 12 through 18 of gestation (last 37% of gestation period). Pregnant monkeys were given a daily dose of 10.0 mg AZT 5 days a week for the last 9.5-10 weeks of gestation (final 41%-43% of gestation period). AZT incorporation into nuclear and mitochondrial DNA and the length of chromosomal end (telomere) DNA were examined in multiple tissues of newborn mice and fetal monkeys. Additional mice were followed from birth and received no further treatment until subjected to necropsy and complete pathologic examination at 1 year of age. An anti-AZT radioimmunoassay was used to monitor AZT incorporation into DNA. Results: At 1 year of age, the offspring of AZTtreated mice exhibited statistically significant, dose-dependent increases in tumor incidence and tumor multiplicity in the lungs, liver, and female reproductive organs. AZT incorporation into nuclear and mitochondrial DNA was detected in multiple organs of transplacentally exposed mice and monkeys. Shorter chromosomal telomeres were detected in liver and brain tissues from most AZT-exposed newborn mice but not in tissues from fetal monkeys. Conclusions: AZT is genotoxic in fetal mice and monkeys and is a moderately strong transplacental carcinogen in mice examined at 1 year of age. Careful long-term follow-up of AZT-exposed children would seem to be appropriate.
[J Natl Cancer Inst 1997;89:1602-8]
Exposure of pregnant females of numerous mammalian species, including nonhuman primates, to various chemical carcinogens results in neoplasms in their offspring (1) . The human relevance of transplacental carcinogenesis was established with the discovery that diethylstilbestrol (DES) caused vaginal adenocarcinomas in the children of women treated during pregnancy (2) . Subsequent experimental studies in mice duplicated this effect (3) . Epidemiologic evidence has implicated transplacental exposures to radiation, certain medications, pesticides, occupational chemicals, and metals (4) (5) (6) as possible contributors to human cancer risk. Mechanistic studies with rodents indicate that fetuses may be particularly at risk of tumor initiation by chemicals, with high rates of cell division and other fetal characteristics greatly enhancing vulnerability (7) .
The nucleoside analogue 3Ј-azido-2Ј,3Ј-dideoxythymidine (AZT), widely used to treat human immunodeficiency virus type 1 (HIV-1) infection, has become the standard of care in preventing fetal transmission of the virus in HIV-1positive pregnant women (8, 9) . Recom-mended treatment encompasses five daily 100.0-mg doses (approximately 8.3 mg/ kg body weight per day) during the second and third trimesters of pregnancy, with additional maternal intravenous dosing at delivery and oral AZT given to the infant after birth (9, 10) . In a recent study from the Pediatric AIDS (i.e., acquired immunodeficiency syndrome) Clinical Trials Group (9) , this regimen reduced viral transmission to the fetus from 22.6% (n ‫ס‬ 204) to 7.6% (n ‫ס‬ 198).
In adult mice, AZT is carcinogenic. Ayers et al. (11) reported 10% and the National Toxicology Program (12) reported 22% incidences of vaginal squamous papillomas and carcinomas after lifetime oral administration of the drug to CD-1 and B6C3F 1 mice, respectively. At similar doses in mice exposed to AZT for 28 days, dose-related incorporation of AZT into vaginal DNA and increased vaginal epithelial proliferation were observed (13) . Because of the projected widespread use of AZT in human pregnancy, we have investigated the genotoxic and carcinogenic effects of AZT in the masses were examined by means of light microscopy. The pathology findings were peer-reviewed by Dr. Miriam Anver, SAIC, NCI-FCRDC, and by Dr. Jerrold Ward, Office of Laboratory of Animal Sciences, NCI. All lung, liver, and female reproductive tract lesions were reviewed, as well as all questionable and representative definitive hematopoietic lesions. Spiral organisms, thought to be Helicobacter hepaticus, were observed in Steiner's stained slides of most ceca, but only a few organisms were observed in one liver, and no hepatitis was observed in any of the livers. The mice were otherwise specific pathogen free. Tumor data are presented as tumor incidence (percent of animals with tumors) and tumor multiplicity (number of tumors per animal).
Statistical Methods
Dose-dependent linear trends of tumor incidence proportions were evaluated by use of the Cochran-Armitage chi-squared test (two-tailed) (14) , and high-dose versus control comparisons were made by use of Fisher's exact test (two-tailed) (15) . Twotailed chi-squared tests (16) were used to analyze the reduction in hematopoietic neoplasms in AZTexposed males and females in relationship to control animals. Tests of the homogeneity of the proportions of tumor bearers per litter within each of the sexdose-organ groups were performed by use of the correlated binomial C(␣) test statistic as described by Tarone (17) . In addition, for lungs and liver, comparisons of low-dose treatment with high-dose treatment on the basis of litters involved the analysis of variance of 1) raw proportions of tumor-bearing animals in each litter and 2) Freeman-Tukey arcsine transformations of the proportions (18) , with each analysis using weights proportional to the litter sizes. Tumor multiplicities were tested for dosedependent trends by use of the nonparametric Jonckheere test (two-tailed) (19) , and high-dose versus control comparisons were made by use of the nonparametric Wilcoxon rank-sum test (two-tailed) (20) .
Incorporation of AZT Into Nuclear and Mitochondrial DNA of Fetal CD-1 Mice Exposed In Utero to AZT
Pregnant CD-1 mice were given 0 (n ‫ס‬ 3) or 25.0 (n ‫ס‬ 3) mg AZT/day by gavage on days 12 through 18 of gestation (final 37% of gestation period), and the pups (14 each for litters 1 and 3 and 11 for litter 2) were born 24 hours or less after the last exposure. For each organ (e.g., kidneys), tissue from all of the pups of one litter was combined. The samples were homogenized, and DNA was isolated by means of the Oncor nonorganic extraction method (Oncor, Inc., Gaithersburg, MD). Mitochondrial DNA was prepared as previously described (21) .
DNA samples, in distilled water, were sonicated for 30 seconds and then boiled for 5 minutes. Threemicrogram aliquots of DNA were subsequently assayed by use of a competitive anti-AZT radioimmunoassay (AZT-RIA) as previously described (22) . Briefly, a rabbit polyclonal anti-AZT antibody (Sigma Chemical Co.) that also recognizes AZT in DNA was reconstituted in 20 mL 10 mM Tris buffer (pH 8.0), representing a 1:5000 dilution of the antibody. A 0.1-mL aliquot of the diluted antibody was incubated in a 12 × 75-mm disposable glass tube with an equal volume of a solution containing either standard AZT plus 3 g calf thymus carrier DNA (Sigma Chemical Co.) or a 3-g sample of DNA from AZT-treated or untreated (control) animals for 90 minutes at 37°C. Approximately 20 000 cpm [ 3 H]AZT tracer (20 Ci/mmol; Moravek Biochemicals, Inc., Mountain View, CA), in a volume of 100 L, was added per tube together with 100 L goat anti-rabbit immunoglobulin G secondary antibody (ICN Biomedicals, Inc., Costa Mesa, CA; reconstituted in 12 mL 10 mM Tris buffer [pH 8.0]), and the mixture was incubated for 25 minutes at 4°C. The mixture was centrifuged at 2000g for 15 minutes at 4°C. The resulting supernatant was decanted, and the pellets were dissolved in 100 mM NaOH and counted in a liquid scintillation counter.
The AZT-RIA employs a radiolabeled AZT tracer, used in a constant amount in each tube, to compete with the AZT standard, used at different concentrations, or sample DNA for binding to the anti-AZT antibody. In the absence of standard AZT or sample DNA containing AZT, the highest level of radiolabel binding to the antibody will be obtained (cpm with no inhibitor). Because of the competitive nature of this assay, the added presence of nonradiolabeled AZT (i.e., the standard or in the sample DNA) will result in the inhibition of tracer-antibody binding (cpm with inhibitor). The inhibition of tracer-antibody binding observed with a particular amount (''x'') of unlabeled AZT is expressed as a percent according to the following formula:
(cpm with no inhibitor) × 100.
The amount of standard AZT added to 3 g carrier calf thymus DNA that inhibited antibody binding by 50% was 570 ± 420 fmol (mean ± standard deviation [SD]; n ‫ס‬ 12) for the mouse assays. The amount of AZT in 3 g of biologic sample DNA was obtained by comparing DNA from the corresponding tissue of an untreated animal with DNA from a treated animal, calculating the percent inhibition of antibody binding, and reading the amount of AZT from a plotted standard curve. Each sample was assayed in three to five separate radioimmunoassays.
Incorporation of AZT Into Fetal Erythrocebus patas Monkey Nuclear and Mitochondrial DNA
Monkeys were maintained and treated under American Association for Accreditation of Laboratory Animal Care-approved conditions at BioQual, Inc. (Rockville, MD), in accordance with humane principles for laboratory animal care. Protocols were reviewed and approved by the Animal Care and Use Committee of BioQual, Inc. Pregnancies were ascertained as described (23) . Pregnant patas monkeys were given 0 (n ‫ס‬ 3) or 10.0 (n ‫ס‬ 3) mg of AZT/ day (approximately 1.5 mg/kg body weight per day) in a piece of banana, 5 days per week for the last 9.5-10 weeks of gestation (final 41%-43% of gestation period). Dose ingestion was confirmed by an observer. Fetuses were taken by cesarean section, performed on the monkeys under Telazol and isofluorane anesthesia, on days 149 through 152 of gestation (24 hours after the last dose). Tissue processing for DNA preparation and the AZT-RIA were as described above for newborn mouse tissues, except that the 50% inhibition value for the RIA was 820 ± 290 fmol AZT (mean ± SD; n ‫ס‬ 25).
Examination of Telomere Length in Mouse and Monkey Tissues
The length of telomeric (chromosomal end) DNA (24) was examined in DNA from the tissues of 10 newborn mouse litters, either unexposed (n ‫ס‬ 5) or exposed (n ‫ס‬ 5) in utero to 25.0 mg AZT/day on days 12 through 18 of gestation. For each litter, tissues from different organs were combined and homogenized with a Dounce homogenizer, and highmolecular-weight DNA was prepared by use of the nonorganic extraction method of Oncor, Inc. The DNA was digested with Alu I, Rsa I, and Sau 3A I restriction endonucleases (New England Biolabs, Inc., Beverly, MA) and resolved in 1% agarose gels along with biotinylated molecular markers (Oncor, Inc.). The DNA was transferred to nylon support membranes overnight by means of capillary action (25) , and it was cross-linked to the membranes by use of UV light. The membranes were blocked for 30 minutes at 45°C with blocking solution (Oncor, Inc.) and hybridized with a biotinylated human telomeric repeat sequence probe (Oncor, Inc.) overnight in a sealed bag at 45°C. Posthybridization washes were performed in a solution of 0.16× standard saline citrate and 0.1% sodium dodecyl sulfate for 1 hour at 60°C. The membranes were subsequently blocked with a 5% low-fat milk solution at room temperature for 30 minutes, and an amplified alkaline phosphatase immunoblot assay kit (Biorad Laboratories, Hercules, CA) was used in membrane staining. The sizes of the telomere repeats were determined by comparison with the biotinylated molecular markers. A similar approach was used to examine telomere length in DNA from the tissues of six fetal monkeys exposed to either 0 (n ‫ס‬ 3) or 10.0 mg AZT/day for the last 9.5-10 weeks of gestation (n ‫ס‬ 3).
Results

Evaluation of AZT as a Transplacental Carcinogen
To test for transplacental tumorigenicity, pregnant CD-1 Swiss dams were exposed once daily to 0, 12.5, or 25.0 mg AZT via intragastric intubation on days 12 through 18 of gestation. In the carcinogenicity study, litter sizes did not differ substantially between AZT-exposed and control mice, and no further exposures were given postnatally. Ten offspring of each sex from each treatment group were necropsied at 3 and 6 months, and no neoplasms were found. However, the interim sacrifice at approximately 1 year revealed the presence of tumors, prompting the sacrifice of additional animals of each sex in each group for further analysis. Complete necropsy and histopathologic analysis of dead, moribund, or sacrificed animals at 190-400 days of age (average ages of 350-382 days) revealed a several-fold, dose-dependent increase in the incidence ( Fig. 1 ) and the multiplicity (Table  1) of tumors in the AZT-exposed groups.
The spontaneous liver and lung adenomas in the control animals are typical for this strain of mice (26) . At the same sites, incidences of these types of tumors were increased twofold to eightfold in AZTtreated animals ( Fig. 1 , A-C). For both sexes combined, the incidence of lung carcinomas increased significantly with AZT dose (3%, 7%, and 14% for the 0-, 12.5-, and 25.0-mg AZT groups, respectively; P ‫ס‬ .037, two-tailed chi-squared test). Neoplasms of the female organs (ovary, uterus, and vagina) were absent from the control animals but were detected in 14% and 17% of the AZTexposed female offspring at the low and high doses, respectively ( Fig. 1, D) .
Neoplasms of the hematopoietic system, including lymphomas, myelogenous leukemia, and histiocytic sarcoma, which occur spontaneously in this mouse strain, were reduced from 33% and 16% in unexposed females and males, respectively, to 8% in the mouse pups of both sexes (Fig. 1 , E and F). This reduction suggests that an endogenous oncogenic retrovirus may be inhibited by the AZT treatment and/or that alterations in the immune system may occur in the offspring exposed to AZT in utero.
Statistical Analyses for the Tumor Study
Probability values for the tumor incidences presented in Fig. 1 are shown in the legend, and those for the tumor mul- Fig. 1 . Tumor incidences in internal organs of offspring of pregnant mice 190-400 days after transplacental 3Ј-azido-2Ј,3Ј-dideoxythymidine (AZT) exposure. Pregnant CD-1 mice were given 0, 12.5, or 25.0 mg AZT in sterile distilled water once daily on days 12 through 18 of gestation. Pups were delivered normally and given no further treatment. When moribund or at sacrifice (190-400 days), the mice underwent complete necropsy (see ''Materials and Methods'' section). The figure shows the following tumor incidences: lung tumors (from bronchoalveolar cells) in males (A) and in females (B); hepatocellular adenomas, including two carcinomas, in males (C); female reproductive organ tumors (D); and hematopoietic tumors in males (E) and females (F). Tumor incidences were analyzed for dose-related linear trend by use of the Cochran-Armitage chi-squared test (two-sided). High-dose AZT (25.0 mg AZT) versus control (no AZT) comparisons employed the Fisher's exact test (two-sided). Probability values for these two tests are, respectively, .0004 and .00066 for male lung tumors (A); .037 and .056 for female lung tumors (B); .0011 and .0014 for male liver tumors (C); and .033 and .034 for female reproductive organ tumors (D). tiplicities in Table 1 are shown in a table footnote. The presented statistical relationships are based on pooled groups, since preliminary tests indicated that litter proportions within each test group were generally homogeneous. A possible exception was noted for the male-lunghigh-dose group, where near-significant heterogeneity was found (P ‫ס‬ .058), which was due exclusively to one litter with lung tumors in all five male offspring. Reanalysis of the data excluding this litter resulted in somewhat lower significance probabilities but no overall change in conclusions. When analyzed on a litter basis, comparisons of low-with high-dose AZT for the lungs and the liver produced results that generally reaffirmed the conclusions based on pooled groups.
Transplacental AZT Exposure and Genotoxicity in Newborn Mice and Fetal Monkeys
Using a sensitive anti-AZT radioimmunoassay (AZT-RIA) (22) and comparing DNA from exposed and unexposed animals (see ''Materials and Methods'' section), we detected AZT incorporation in the nuclear and mitochondrial DNA from multiple pooled organs of newborn CD-1 mouse pups (three litters) after transplacental exposure to 25.0 mg AZT/ day on days 12 through 18 of gestation ( Table 2 , A). Incorporation was widely variable among litters, organs, and DNA compartments, suggesting that undefined pharmacokinetic and specific tissue factors influence persistent AZT incorporation. Litter size appeared to influence measurable incorporation levels, since litters 1 and 3 each consisted of 14 pups and had the lowest incorporation levels, and litter 2, with only 11 pups, had higher incorporation levels.
Telomerase is active in fetal tissues and tumor cells (27) , and previous studies have demonstrated that AZT can be preferentially incorporated into the telomeric DNA of cells containing telomerase (24) . In vitro long-term exposure to 800 M AZT was shown to produce an irreversible shortening of telomeres (28) . In this study, telomere length was examined in five litters of newborn mice exposed to 25.0 mg AZT/day as described in Table 2 , A. Fig. 2 shows the results for liver, lungs, and brain from one litter. In com-parison with the DNA from control animals, smaller sized telomeric DNA was detected in the livers from five litters, the brains from three of five litters, the lungs from two of five litters, and the kidneys from one of five litters of AZT-treated animals. The variability between litters observed for telomere length is similar to that seen for AZT incorporation into DNA.
The data in mice demonstrated AZTinduced genotoxic and carcinogenic effects at a high dose. To approximate the human exposure of about 8.3 mg/kg body weight per day, we gave three pregnant Erythrocebus patas monkeys 10.0 mg AZT/day (approximately 1.5 mg/kg body weight per day) 5 days a week during the last 9.5-10 weeks of a 23-week gestation. Multiple fetal tissues were obtained after cesarean section. AZT incorporation was observed in the nuclear and mitochondrial DNA of transplacentally exposed monkeys but not in the DNA of unexposed control animals (Table 2, B). Even though the monkey dose was much lower than the dose received by the mouse, incorporation levels were generally several-fold higher than those observed in the mouse. Again, there was a large interanimal variability in AZT-DNA levels among the monkey fetuses and in the DNA compartments. The size of telomeric DNA was not measurably altered in the DNA from liver, brain, cerebellum, heart, lungs, and placenta obtained from AZT-exposed fetal monkeys (data not shown).
Discussion
At the doses tested here, AZT is unequivocally a transplacental genotoxin and carcinogen in CD-1 mice. The liver and lungs, targets for tumor formation in this study, are typical organ sites for genotoxic transplacental carcinogens in mice (7) . The incidence, latency, multiplicity, and histopathology of the AZTinduced tumors indicate that AZT is intermediate in potency as a mouse transplacental carcinogen. On a toxic-equivalent dose basis, this drug is less potent than N-nitrosoethylurea (29) , 7,12dimethylbenz[a]anthracene (30) , and 3methylcholanthrene (31), but it is more potent than N-nitrosodimethylamine (29) and the tobacco-specific nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1butanone (32) . When given transplacentally to mice, benzo[a]pyrene produced lung and liver tumor multiplicities similar to those observed here (30) . The female reproductive organ tumors, absent in untreated animals, are similar in type and incidence to those resulting from mouse transplacental exposure to DES (3).
In these experiments, AZT was given to mice for the last 37% of gestation at a daily dose that was approximately fivefold higher than the equivalent daily dose received by pregnant women [with the use of the mouse-human scaling factor of 1:12 described by Freireich et al. (33) ]. With no scaling factors applied, an HIV-1-positive pregnant woman receiving AZT during the last two trimesters will have a total dose of about 1.4 g/kg body weight. The mice receiving 25.0 mg AZT/ day were given a total dose of about 3.5 g/kg body weight, and the monkeys in this study received about 0.08 g AZT/kg body weight. Nevertheless, fetal Erythrocebus patas monkeys, given AZT at a much lower daily dose than that received by the CD-1 mice, had more AZT-DNA incorporation than that detected in the newborn mice.
Human-mouse dose comparisons are further complicated by a number of factors. Phosphorylation of AZT is more efficient in mice than in humans (34) . The plasma half-life of AZT in mice is 20 minutes (35, 36) , whereas it is 1-2 hours in humans (10) . Because CD-1 mice typically carry 10-14 pups, the ratio of fetal weight to total maternal weight at deliv- Telomere length in nuclear DNA from lung, brain, and liver tissue of newborn mice either unexposed (c, control) or exposed (a) to 3Ј-azido-2Ј,3Ј-dideoxythymidine (AZT) in utero at a dose of 25.0 mg/day on days 12 through 18 of gestation. DNA was isolated, digested with restriction endonucleases, resolved in a 1% agarose gel, transferred to a nylon support membrane, and hybridized with a biotinylated probe specific for human telomeric DNA repeat sequences. The sizes of the telomeric repeats were determined by comparison with the biotinylated molecular marker (MM) DNAs (note the 2-and 23-kilobase reference regions). See ''Materials and Methods'' section for more details. *Pregnant CD-1 mice were given 0 (n ‫ס‬ 3) or 25.0 (n ‫ס‬ 3) mg AZT/day, and the pups (14 each for litters 1 and 3 and 11 for litter 2) were born 24 hours or less after the last exposure. For each organ (e.g., kidneys), tissue from all of the pups of one litter was combined, nuclear and mitochondrial DNA was prepared, and 3-g aliquots of DNA were assayed by use of an anti-AZT radioimmunoassay (see ''Materials and Methods'' section). Incorporation is expressed as fmol AZT/g DNA in relation to results obtained with tissue DNA from unexposed mice. Except where noted, values are means ± standard error for three to five assays.
†Mt ‫ס‬ mitochondrial; nd ‫ס‬ not detectable; ns ‫ס‬ no sample. ‡Mean ± range for samples assayed twice. .0 ± 6.0 ‡ nd 60.0 ± 0 ‡ 341.7 ± 123.8 nd *Pregnant patas monkeys were given 0 (n ‫ס‬ 3) or 10.0 (n ‫ס‬ 3) mg of AZT/day (approximately 1.5 mg/kg body weight per day) in a piece of banana 5 days per week for the last 9.5-10 weeks of gestation. Fetuses were taken by cesarean section on days 149 through 152 of gestation (24 hours after the last dose). Tissue processing and AZT-DNA radioimmunoassay were as described in the ''Materials and Methods'' section, with comparison of DNAs from unexposed and exposed monkeys. Except where noted, values are means ± standard error for three to five assays. †Mt ‫ס‬ mitochondrial; nd ‫ס‬ not detectable; ns ‫ס‬ no sample. ‡Mean ± range of two assays. ery is 0.4 or more in the mouse, compared with 0.1 or less in humans. Together with tissue-specific differences in target organ responses and differences in litter size (11-14 pups for these experiments), the variability in AZT-DNA incorporation and telomere length might be expected. However, despite this variability, litter differences in tumorigenesis were not significant ( Fig. 1 ). Pregnant monkeys, which carry only one fetus, may therefore be a more appropriate model for the human.
Two transplacental studies of AZT in mice, in which much lower doses than our doses of 12.5 and 25.0 mg/day were used, failed to find a carcinogenic effect. Ayers et al. (37) gave pregnant CD-1 mice 20.0 and 40.0 mg AZT/kg body weight per day (approximately 0.5 and 1.0 mg AZT/day) from the 10th day of gestation through weaning. Pups were then treated with 0, 20.0, or 40.0 mg AZT/kg body weight per day for 24 months. In animals given lifetime exposure to 40.0 mg/kg body weight per day, the males were unaffected, and vaginal tumors were observed only in the adult females; however, the tumor yield was not increased in animals given no drug exposure past weaning. Bilello et al. (35) gave 4.5 mg AZT/day to pregnant mice on days 16 through 21 of gestation and postnatally to nursing dams; these investigators did not detect tumors in the offspring by gross examination of tissues at 18 months. Taken together with our study, the data suggest that cumulative dose effects are critically important in determining the prenatal carcinogenicity of AZT.
Two novel genotoxicity assays were employed in this study. The AZT-RIA, which has previously been validated by comparison with incorporation of radiolabeled AZT into nuclear DNA (22) , was applied here for the first time to mitochondrial DNA. Unlike the situation with many chemical carcinogens that preferentially modify mitochondrial DNA by covalent binding, the incorporation of AZT into mitochondrial DNA was highly variable and did not parallel the incorporation of the drug into nuclear DNA. Because there is no literature for the comparison of nuclear and mitochondrial DNA incorporation of AZT, further validation must await confirmation and the development of alternative methods. Although it is unclear whether mitochondrial genotoxicity is related to tumorigenicity, it may be significant that mice developed tumors in organs where nuclear AZT DNA was not always detectable. In addition, the monkeys had higher levels of AZT incorporation into DNA than the mice in spite of receiving a much lower dose. The telomere length assays also provide novel information but no clear context for evaluation of the biologic consequences. The observation that telomeres were shortened in the mice and not in the monkeys would suggest that dose effects are important; however, the fetal mice appeared to function normally, and any possible relationship with the process of tumorigenesis remains obscure. Both of these biomarkers will be examined in great detail in future studies to assess their relationships with the observable biologic consequences of AZT exposure.
The relevance of the mouse studies to human exposure must be considered in the context of dose-equivalency, an especially difficult extrapolation for transplacental exposures. Available literature does not allow an accurate estimation of human risk implied by these data. However, our results suggest that the current practice of treating HIV-1-positive women and their infants with high doses of AZT could increase cancer risk in the drug-exposed children when they reach young adulthood or middle age. The remarkable effectiveness of AZT in preventing fetal HIV infection (8, 9) indicates that the immediate need for treatment of a potentially fatal disease should outweigh the potential cancer risk. However, given the relatively high tumor incidences observed here at only half of the lifetime of the mouse, it would seem appropriate both to include additional notification in informed consent documents and to plan extensive follow-up of AZT-exposed children. In addition, since human carcinogenesis is multifactorial and takes many years to develop (38) , protective modulation may be possible (39) . (1) 
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Background: Telomerase enzyme activity is not detected in most normal cells, a phenomenon believed to be associated with limitations on cellular proliferation. Since this activity is detected in nearly all human tumors, including non-small-cell lung cancers, it has been
suggested that telomerase activation may be coupled to acquisition of the malignant phenotype. In this study, we determined whether telomerase activity was associated with tumor pathologic stage, tumor cell proliferation rates, and clinical outcome in a cohort of patients with resected non-small-cell lung cancer for whom long-term follow-up was available. Methods: Primary tumor specimens from 99 patients treated with surgery alone and six patients treated with surgery after chemotherapy were analyzed. Telomerase activity was measured by means of a modified Telomeric Repeat Amplification Protocol (TRAP) assay. Southern blot analysis of terminal restriction fragments was used to evaluate telomere length. Immunohistochemical analysis of Ki-67, a proliferationassociated nuclear antigen, was used to assess tumor cell proliferation. Results: Telomerase activity was detected in 84 of the 99 tumors treated with surgery alone; this activity was not detected in specimens of adjacent, benign lung tissue. Telomerase was detected in only three of six tumors resected after chemotherapy. For the surgery-alone group, statistically significant positive associations were found between the level of telomerase activity and tumor stage, lymph node metastasis, pathologic TNM (tumor-node-metastasis) stage, and Ki-67 immunostaining; a statistically significant inverse association was found between telomerase activity and patient age. No statistically significant differences in telomere length were found in relation to telomerase activity or pathologic stage. Telomerase activity was not found to be associated with clinical outcome in a multivariate Human telomeres are specialized nucleoprotein structures located at the ends of chromosomes and are composed of tandem repeats of the sequence 5Ј-TTAGGG-3Ј bound to specific proteins. Conventional DNA polymerases cannot replicate the ends of linear chromosomes, resulting in gradual telomere shortening when cells divide (1) . Telomerase is a ribonucleoprotein that synthesizes de novo telomeric DNA onto chromosome ends, thus compensating for this ''endreplication problem'' (2, 3) . In somatic cells, where telomerase activity is usually not detected, there is progressive telomere shortening during replication, and telomere length often reflects cellular proliferative potential (4) (5) (6) (7) . In contrast, germ cells and most immortalized human cell lines exhibit telomerase activity and stable telomere length (8) (9) (10) . Telomerase activity is frequently expressed in human tumors, as assessed by the highly sensitive polymerase chain reaction (PCR)based Telomeric Repeat Amplification Protocol (TRAP) assay (8) . These findings, coupled with infrequent telomerase expression in normal cells, suggested that telomerase activation was tightly coupled to the acquisition of the malignant phenotype (8, 11, 12) .
The RNA component of human telomerase (13) and a telomerase-associated protein have recently been cloned (14) . These two components are widely expressed in human tumors and tumor cell lines, and they may be necessary for telo-mere elongation (13, 14) . In support of this possibility, treatment of immortalized human tumor cell lines with antisense oligodeoxyribonucleotides targeted to the RNA component of human telomerase led to a reinitiation of telomere shortening and induction of the massive cell death associated with proliferative senescence (13) . The maintenance of a constant average telomere length in cells expressing telomerase activity seems to be regulated by a negative feedback loop. This idea is supported by functional studies with a recently cloned telomere-binding protein that suppresses telomere elongation and is proposed to be a negative regulator of telomerase activity (15) .
Lung cancer remains the most common cause of cancer-related death in the United States for both men and women. A better understanding of the biology of lung tumors and identification of diagnostic markers or new therapeutic targets are urgently needed to develop novel treatment strategies that could improve the dismal survival rates of most patients with lung cancer (16, 17) . In a pivotal study (18) , telomerase activity was found in 78.4% of non-small-cell lung cancers (NSCLCs) and in all small-cell lung cancers examined. Varying levels of telomerase activity were previously detected in NSCLCs (18) , and it was hypothesized that the tumors with no or low telomerase activity might be composed primarily of mortal cancer cells. High levels of telomerase activity were detected in metastatic lesions even when undetected in the primary tumor, suggesting that telomerase activation contributes to the development of metastatic disease. This study (18) raised the prospect that telomerase might represent a marker for immortal lung cancer cells and a therapeutic target in lung cancer.
In our study, telomerase activity was measured by use of a recently modified TRAP assay (Kim NW, Wu F: personal communication) that increases the reliability of the assay, allows the expression of relative levels of telomerase activity, and identifies the presence of inhibitors of Taq polymerase. The purpose of this study was to analyze comprehensively whether a relationship existed between telomerase activity, tumor pathologic stage, tumor cell proliferation rates, and clinical outcome in a well-characterized cohort of patients with resected NSCLC for whom long-term clinical follow-up was available.
Methods
Tissue specimens. One hundred seven tissue specimens were obtained from consecutive patients with primary NSCLC who underwent potentially curative operations. Use of these found tissue specimens was approved by the relevant institutional review boards. Protein extracts from 105 of these specimens were adequate for analysis. Pulmonary resection was accompanied by careful intraoperative staging with complete mediastinal lymph node dissection as described by Martini and Flehinger (19) . Lymph nodes were labeled separately for pathologic analysis, in conformity with the American Thoracic Society Lymph Node Map (20) . Within 10 minutes of completion of the pulmonary resection, a sample of the primary tumor, trimmed of the surrounding lung tissue and of any grossly necrotic material, was snap frozen in liquid nitrogen. A separate specimen of benign lung tissue was harvested from an area distant from the primary tumor and also frozen in liquid nitrogen. The presence of malignant or benign lung tissue in the harvested samples was confirmed by microscopic examination. An independent assessment by two pathologists (F. Lonardo and D. Klimstra) was performed, and both pathologists concurred with respect to the histopathologic features evaluated. The specimens were scored for tumor grade, proportion of tumor tissue present, proportion of necrosis in the tumors, and the estimated percentage of infiltrating lymphocytic cells in areas with tumor. The tumor-node-metastasis (TNM) stage was determined according to the International Staging System for NSCLC (21) .
Protein extraction. Frozen tissue samples (50-100 mg) were homogenized in 100-200 L ice-cold CHAPS (3-[{3-cholamidopropyl}-dimethylammonio]-1-propane-sulfonate) lysis buffer (0.5% CHAPS, 10 mM Tris-HCl [pH 7.5], 1 mM MgCl 2 , 1 mM EGTA, 10% glycerol, 5 mM ␤-mercaptoethanol, and 10 ng/mL leupeptine) with the use of disposable pestles and standard techniques. The tissue homogenates were incubated on ice for 30 minutes and then centrifuged at 12 000g for 30 minutes at 4°C. Supernatants were collected and stored at −80°C. Protein concentrations were measured by use of the Bio-Rad protein assay kit (Bio-Rad Laboratories, Richmond, CA), and aliquots containing 1 g protein/mL were stored at −80°C (8, 22, 23) .
TRAP assay. The telomerase assay was performed according to a recently modified TRAP assay protocol (Kim NW, Wu F: personal communication) (8, (22) (23) (24) . Extracts containing 2 g of protein were assayed in reaction tubes that contained 50 L of the TRAP reaction mixture. The TS primer was labeled at its 5Ј end by use of 5 U T4 polynucleotide kinase (PNK; Promega Corp., Madison,WI) and 2.5 Ci of 3000 Ci/mmol [␥-32 P]adenosine triphosphate per 1 g of TS. The kinase reaction mixture was incubated at 37°C for 20 minutes, and then the PNK was heat inactivated at 95°C for 5 minutes. Each TRAP reaction consisted of 5 L 10× TRAP buffer (22) , 50 M standard deoxyribonucleoside triphosphates, 0.1 g endlabeled TS primer, 0.1 g RP return primer, 0.1 g NT internal control primer, 0.01 amol of the TSNT internal control template, 2 U Taq DNA polymerase (AmpliTaq; The Perkin-Elmer Corp., Branchburg, NJ), and the extract containing 2 g protein. TSNT is an internal control PCR template amplified by the primers TS and NT, giving a 36-base-pair (bp) product. After a 30-minute incubation at room temperature, the TRAP reaction mixture was subjected to 30 cycles of PCR. The PCR products were resolved by electrophoresis in a 15% polyacrylamide gel under nondenaturing conditions, and the gel was analyzed on a Phosphorimager (Molecular Dynamics, Sunnyvale, CA). In every gel, the products of a negative control reaction (2 L CHAPS lysis buffer) and of 0.1 amol of the quantitation standard oligonucleotide R8 were included. The telomerase quantitation results were expressed as total product generated (TPG) (see Fig. 1 for details of the quantitation). The specificity of the 6-bp ladders was confirmed by the absence of the ladders following heat inactivation of the protein extracts. All protein extracts were analyzed in at least two independent TRAP assays, and the average telomerase activity (TPG) was calculated ( Fig. 1 ). Subgroups were defined as having negative (TPG ‫ס‬ 0), low (TPG>0 and ഛ5), moderate (TPG>5 and ഛ30), or high (TPG>30) telomerase activity.
Alkaline phosphatase activity. Alkaline phosphatase activity was assayed as a control for possible protein degradation (23) . Two tumor protein extracts had no detectable alkaline phosphatase activity and were not subsequently analyzed. Alkaline phosphatase levels were similar in extracts of normal and malignant tissues (data not shown).
Immunohistochemistry. Ki-67, a proliferationassociated nuclear antigen that is present only in proliferating cells (25) , was assessed immunohistochemically to measure tumor cell proliferation rates. Five-micron-thick, paraffin-embedded sections were deparaffinized and rehydrated by use of standard techniques. Pretreatment of the sections consisted of digestion with 0.05% trypsin, followed by microwave treatment for 10 minutes. The sections were then exposed to 3% H 2 O 2 for 5 minutes, saturated with 0.05% bovine serum albumin (BSA), and preincubated with normal horse serum (Cappel Research, Durham, NC) at a 1:20 dilution in 2% BSA- 11) . The R8 quantitation standard oligonucleotide exhibits a characteristic pattern of six bands corresponding to the first through sixth TRAP products. The assay incorporates an internal polymerase chain reaction (PCR) control, yielding a 36base-pair (bp) product (designated TSNT), which migrates in the analytic polyacrylamide gel at a position 14 bp below the smallest TRAP band. This control is used to monitor PCR efficiency during the PCR step of the assay. The amount of telomerase activity from a given reaction was calculated by use of the following formula: TPG ‫ס‬ [(T -B)/(CT)]/[(R8 -B)/(CR8)] × 100, where T ‫ס‬ the radioactive counts from the telomerase bands from the protein extract, B = the counts from the negative control reaction (background), R8 ‫ס‬ the counts from the R8 standard (0.1 amol), CT ‫ס‬ the counts from the internal control TSNT reaction (0.01 amol) of the protein extract, and CR8 ‫ס‬ the counts from the TSNT reaction (0.01 amol) of the R8 standard (0.1 amol). The final quantitation was expressed as the TPG (total product generated). One unit of TPG was defined as 0.001 amol (or 600 molecules) of TS primer extended by at least three telomeric repeats by the telomerase present in the extract. A telomerase activity level of 1 TPG corresponds approximately to the telomerase activity from one immortal cell (Kim NW, Wu F: personal communication). Panel B shows that the assay was in the linear range from 0.001 amol (1 TPG) to 1 amol (1000 TPG) of R8 standard. This range extended over three logarithms (base 10) of the target protein concentrations. phosphate-buffered saline (PBS) for 15 minutes at room temperature. The MIB-1 antibody (Immunotech, Westbrook, ME), used at a 1:50 dilution in 2% BSA-PBS, was applied at 4°C for 16 hours (25) . The sections were then rinsed with PBS for 30 minutes, and a biotinylated anti-mouse immunoglobulin G (Vector Laboratories, Inc., Burlingame, CA) was applied at a 1:500 dilution in 1% PBS-BSA at room temperature for 60 minutes. The sections were rinsed with PBS and incubated with peroxidaseconjugated streptavidin (Dako Corp., Carpinteria, CA) at a 1:500 dilution in 1% BSA-PBS at room temperature for 45 minutes. The sections were then rinsed with PBS for 30 minutes, and color from the chromogen diaminobenzidine (0.06% in PBS) was developed for 15 minutes. The sections were subsequently rinsed in water, counterstained with Harrismodified hematoxylin (Fisher Scientific Co., Pittsburgh, PA), rinsed in 1% acid alcohol for 2 seconds, rinsed in ammonia water for 15 seconds, dehydrated, and placed under coverslips in permount media. Ki-67 immunostaining was scored as the percentage of positive tumor cells per section.
Terminal restriction fragment (TRF) length measurements. For DNA isolation, tissues were incubated for at least 3 hours at 50°C with an appropriate volume of DNA extraction buffer (100 mM NaCl, 40 mM Tris [pH 8.0], 20 mM EDTA [pH 8.0], 0.5% sodium dodecyl sulfate, and 0.1 mg/mL proteinase K), followed by phenol-chloroform-isoamyl alcohol extractions and precipitation with 3 M sodium acetate and ethanol. Electrophoresis of the undigested, high-molecular-weight DNA was performed to assess DNA degradation. Southern blot analysis to estimate telomere length was based on previously reported methods (4) (5) (6) (7) 26) . Genomic DNA was digested with Msp I and Rsa I restriction endonucleases (Boehringer Mannheim, Mannheim, Germany) at 37°C for an appropriate length of time. Completeness of the DNA digestion was confirmed by means of gel electrophoresis; 10 g of digested DNA was subjected to electrophoresis in 0.5% agarose gels. The resolved DNA was depurinated for 20 minutes in 0.2 M HCl, denatured for 30 minutes in 0.5 M NaOH-1.5 M NaCl, and neutralized for 30 minutes in 0.5 M Tris (pH 8.0)-1.5 M NaCl. The DNA was then blotted overnight onto nylon filters (Schleicher and Schuell, Inc., Keene, NH) in 20× solution of sodium chloride and sodium citrate (SSC). The filters were dried at 80°C for 1 hour and subsequently hybridized to a 32 PO 4 end-labeled (TTAGGG) 3 probe (Genset, La Jolla, CA) in a mixture that contained 5× SSC, 5× Denhardt's solution, 10 mM phosphate buffer (pH 6.4), and 30 g/mL salmon sperm DNA at 50°C overnight. The filters were washed twice in 0.5× SSC-0.1% sodium dodecyl sulfate for 15 minutes each at 50°C and then at room temperature for an appropriate length of time. To determine TRF length, the hybridized probe was visualized with a Phosphorimager (Molecular Dynamics), which quantified the radioactive signal in each of the lanes. Each lane was then graphically divided over the range of 2-23 kilobase pairs (kbp) into quadrants, and the densitometric counts in each quadrant were measured. The molecular-weight range of each quadrant was determined by use of radioactive markers. The mean and peak TRF lengths were calculated as described (26) .
Clinical database. After pulmonary resection, the patients were seen in follow-up by one surgeon (V. Rusch), as previously reported (16) . The parameters that were recorded included the patient's age and sex, the tumor histology and stage, the estimated percentage of viable tumor cells present in the specimen, and the disease-free and overall survivals as calculated from the date of surgery. The telomerase activity, TRF length, and Ki-67 immunostaining results were evaluated without knowledge of the clinical outcomes. Statistical analysis. Associations between telomerase activity (TPG) and the sex of the patient, tumor histology, lymph node metastasis, T stage, N stage, and pathologic TNM stage were evaluated by use of the Kruskal-Wallis test (27) . Spearman's rank correlations (27) were determined between telomerase activity and patient age, Ki-67 immunostaining, percentage of tumor cells in the specimen, percentage of necrosis in the specimen, and percentage of lymphocytic infiltration. The distribution of telomerase activity in relation to the degree of tumor cell differentiation was compared by use of the Wilcoxon test (27) . Overall survival and disease-free survival were calculated from the date of thoracotomy by use of the method of Kaplan and Meier (28) . The logrank test (29) was used to compare survival across the subgroups of telomerase activity. All statistical tests were conducted at the two-sided, .05 level of significance. Proportional hazards regression was used to test the prognostic significance of factors in a multivariate model (30) .
Results
Telomerase Activity and Histopathology
A total of 105 NSCLC specimens from 105 patients were examined in this study.
Histologically benign lung tissue adjacent to 34 of these NSCLC specimens was also examined. Ninety-eight patients with stage I-IIIA tumors and one patient with stage IV disease were treated by surgical resection alone (Table 1) ; six patients had preoperative chemotherapy. The patients were treated during the period from January 1990 through May 1996, and clinical follow-up was updated as of September 1996. Telomerase activity was present in 84 (84.8%) of the 99 tumors from patients treated with surgical resection alone. Among these 84 tumors, 31 had low, 32 had moderate, and 21 had high telomerase activity ( Fig. 1; data not shown) . The linearity of the TRAP assay was confirmed over a three-logarithm (base 10) range of the target protein concentrations (Fig. 1,  B) . The average level of telomerase activity was 20 TPG (range, 0-134.9) (Fig. 2,  A) . Telomerase activity was not detected in 15 (15.2%) of the 99 tumors in addition to all adjacent, histologically benign lung tissue specimens examined ( Fig. 1, A; data not shown). A histopathologic review of 81 of the tumors established that telomerase activity and the estimated percentage of tumor cells present in the specimen (P ‫ס‬ .1), the proportion of necrosis in the specimen (P ‫ס‬ .72), the degree of lymphocytic infiltration (P ‫ס‬ .1), or the histologic grade of the tumor (P ‫ס‬ .62) were not linked. Telomerase activity was not associated with the sex of the patient (P ‫ס‬ .47) or the histologic tumor type (P ‫ס‬ .87) ( Table 1) . Patient age was correlated inversely with telomerase activity (r ‫ס‬ -.4; P<.01). The remaining six patients had stage IIIA tumors that were treated by surgical resection after induction chemotherapy; the data from these patients were analyzed separately.
Telomerase Activity and Tumor Cell Proliferation Rate
The MIB-1 antibody and immunostaining were used to measure the tumor cell proliferation rates in 93 tumors. The percentage of Ki-67-positive tumor cells correlated with telomerase activity (r ‫ס‬ +.29; P<.01; Fig. 2, B) . In telomerasenegative tumors, the average percentage of MIB-1 immunostaining tumor cells was 22%; for the telomerase-positive tumors, this percentage was 32%, 32%, and 49% for cases with low, moderate, and high telomerase activity, respectively.
Telomerase Activity and Pathologic Stage
Telomerase activity was detected in 95.0% of T1, 80.3% of T2, and 92.3% of T3 tumors ( Table 1 ). The average telomerase activity (TPG) was 18 in T1 and T2 tumors compared with 36 in T3 tumors (P ‫ס‬ .03) ( Fig. 3, A, left panel) . A significant association was found between telomerase activity and lymph node metastasis (N0 versus N1-2, P ‫ס‬ .05; Fig. 3 Fig. 3, A, right panel) . Telomerase activity was detected in 78.2% of stage I, 94.4% of stage II, and 92.0% of stage IIIA tumors (Table 1) . One patient with stage IV (simultaneous solitary brain metastasis that was resected prior to thoracotomy) had a TPG of 108.
Telomerase Activity and Telomere Length
The mean TRF length ranged from 6.2 to 10.4 kbp in the 15 telomerase-negative tumors and from 5.5 to 23.0 kbp in the 30 telomerase-positive tumors examined ( Fig. 3, B; data not shown). In telomerasepositive tumors, average mean TRFs were 7.5 kpb, 8.2 kbp, and 8.2 kbp in specimens with low, moderate, and high telomerase activity, respectively. No significant association between TRF length and tumor size, lymph node metastasis, or pathologic stage was found. In 34 cases, TRF analysis was performed in both the tumor and adjacent, histologically benign lung tissue. Similar mean TRFs were measured in 26 (76%) cases, but TRFs were reduced in the tumor in six (18%) cases and elongated in the tumor in two (6%) cases. Peak TRF values were similar between the tumor and benign lung tissue in 23 (68%) cases but were reduced in the tumor in eight (24%) cases and elongated in the tumor in three (9%) cases. Among the four telomerase-negative tumors, the TRF lengths were similar to those found in normal tissues in three cases and reduced in the tumor in one case. The average telomerase activities (TPGs) were 16, 13, and 18 in tumors with elongated, reduced, and unchanged TRF lengths, respectively.
Telomerase Activity and Clinical Outcome
There were no statistically significant differences in disease-free survival or overall survival between patients grouped on the basis of telomerase activity (P ‫ס‬ .1; data not shown). The 3-year actuarial disease-free survival was 57% for patients with telomerase-negative tumors compared with 40% for patients whose tumors had high telomerase activity, but this difference was not statistically significant.
The prognostic significance of telomerase activity was measured by use of a Cox proportional hazards model. Since T status and N status are known prognostic factors in lung cancer, these parameters were included in the analysis. The hazards ratios (and 95% confidence intervals) for overall survival were 1.78 (1.23-2.56) for Tഛ2 versus T>2, 0.66 (0.48-0.91) for N ‫ס‬ 0 versus N>0, and 1.07 (0.63-1.82) for telomerase-negative versus -positive cases. Similarly, the hazard ratios (and 95% confidence intervals) for diseasefree survival were 1.77 (1.25-2.52), 0.61 (0.45-0.82), and 1.24 (0.74-2.08), respectively. No statistically significant association was found between telomerase activity and clinical outcome after this analysis.
Telomerase Activity in Stage IIIA NSCLC After Preoperative Chemotherapy
Telomerase activity was not detected in three of six primary stage IIIA tumors resected after induction chemotherapy (31) (data not shown). The three telomerase-negative tumors had a major pathologic response to chemotherapy. The remaining three tumors had detectable telomerase activity and a less marked response to neoadjuvant chemotherapy.
Discussion
This study extends previous work (18) by demonstrating that high telomerase activity in primary NSCLC is frequent in specimens with high cellular proliferation rates and is associated with tumors presenting with advanced stage. Telomerase activity was detected in 84.8% of the NSCLC specimens from patients who underwent surgical resection only. Telomerase activity was significantly higher in advanced-stage disease than in early-stage disease. Telomerase activity was inversely associated with age, as has been seen with at least one other tumor (32) . Telomerase activity has been linked to tumor stage in previous studies of neuroblastoma (33), breast cancer (34), gastric cancer (35) , and leukemias (36) . However, such an association was not found in studies of renal cancer (37) , breast cancer (32, 38) , gynecologic tumors (39), or hepatocellular carcinoma (40) .
In this series, telomerase-negative tumors were infrequently associated with lymph node metastasis at presentation. This finding could relate to the need for extensive cell proliferation for metastasis to develop from individual clones. The clonal expansion required could lead to critically reduced telomere lengths in the absence of telomerase reactivation, limit-ing the potential for metastatic progression. In three of six stage IIIA NSCLC cases having major pathologic responses to chemotherapy, telomerase activity was not detected in the tumors after chemotherapy. Perhaps repressed telomerase activity results from effective chemotherapeutic treatment. Examining this possibility should be the subject of future work.
A modified PCR-based telomerase assay was used in this study. It is worth noting that some variables could have influenced the telomerase activity measurements. For instance, alkaline phosphatase measurements were used to assess the integrity of extracted protein. However, the stability of alkaline phosphatase activity may not parallel the stability of telomerase activity, which could be more sensitive to minor protein degradation in the extracts. The efficiency of protein extraction may also have varied between the analyzed tissue specimens. While the percentage of tumor cells present in adjacent tissues was scored, the percentage of tumor cells present in the specimens used for telomerase activity measurements was not scored, since the same tissue cannot be processed for both parameters.
A small proportion of human tumors does not exhibit telomerase activity (41, 42) . In our study, telomerase activity was not detected in 15.2% of the primary lung cancers treated by surgical resection alone. In a study of retinoblastoma, a developmental tumor with a limited number of associated mutations, telomerase activity was absent in 50% of the examined tumors (43) . It is possible that the requirement for telomerase in tumorigenesis depends on the telomere lengths found in precursor cells and on the number of clonal expansions needed (41) . Additional explanations for telomerase-negative tumors include the following: 1) telomerase activation followed by its repression after telomere elongation, 2) telomerase downregulation associated with cellular quiescence, 3) telomerase activity below the level of detection of available assays, or 4) alternative mechanisms to compensate for the end-replication problem. The existence of an alternative pathway was reported in immortalized cell lines and was associated with very long telomeres (up to 50 kbp) (44) . However, very long telomeres were not found in this study for the 15 telomerase-negative NSCLC speci-mens examined for telomere length. Thus far, evidence of telomerase-negative clinical tumors having such long telomeres is not reported.
Few studies have comprehensively addressed the relationship between telomerase activity and prognosis. In neuroblastoma, high telomerase activity correlated with poor prognosis (33) . Similar findings are reported in gastric cancer (35) and breast cancer (45) but not in renal cell carcinomas (37) . In this series, NSCLCs having high telomerase activity had a more unfavorable prognosis than telomerase-negative tumors, but the differences were not statistically significant. While these data suggest that telomerase has a weak, or no, prognostic impact in lung cancer, perhaps the addition of more patients to this series and a longer follow-up would clarify the question of prognostic impact of telomerase activity in NSCLC. In this series, three patients with telomerase-negative primary NSCLC still relapsed despite surgical resection. Selection of telomerase-positive clones may eventually occur at distant metastatic sites when telomeres are critically shortened. It is reported in lung cancer that telomerase activation and telomere shortening at distant metastatic sites can occur when primary tumors are telomerase negative (18) . Since most patients with lung cancer succumb to distant disease, anti-telomerase treatments may have a therapeutic role in the prevention of metastasis after successful local control of the primary tumors (9, 46) .
In many tumors, the mean telomere length, as estimated by TRF analysis, is similar to that found in the corresponding adjacent normal tissue (33, 34, 41, 47, 48) . In this study, the mean and peak TRF lengths in the tumors were often similar to those in the adjacent, benign lung tissue, although the values were occasionally either smaller or larger in the tumor. Altered TRF lengths are reported to be linked both to high telomerase activity (33, 34) and to the lack of measurable telomerase activity (37) . In tumor-derived cell lines, no association was found between telomere length and telomerase activity (18) . As recently reported, telomere length alone is unlikely to be an accurate predictor of cellular immortality (34) .
Telomerase activity is linked to proliferation in diverse cellular contexts (26, 49) . In quiescent, primitive, hematopoietic progenitor cells, basal telomerase levels are low, but the enzymatic activity is rapidly up-regulated when the cells are activated to enter the cell cycle following exposure to combinations of hematopoietic growth factors (26) . In certain human tumor cell lines, such as acute promyelocytic leukemia and human embryonal carcinoma cell lines, telomerase activity is repressed following induced differentiation in maturation-sensitive but not maturation-resistant cell lines (22, 50) . Telomerase is also repressed in tumor cell lines when the cells become quiescent, as reported previously (51, 52) . These observations indicate that telomerase activity and cellular proliferation may be linked in clinical tumors. In breast cancer, telomerase activity correlated with S-phase fraction in lymph node-positive breast cancer (45) , but other investigators (32) failed to find such an association. In this study, a high proliferation rate for tumor cells was associated with telomerase activity, suggesting that telomerase is activated in lung cancer when growth-stimulatory signals are triggered. The pattern of telomerase activity versus Ki-67 immunostaining shown in Fig. 2, B , indicates that tumor cell subpopulations may exist, since specimens with no or low telomerase activity were less correlated with proliferation rates than specimens with higher telomerase activity (r ‫ס‬ +.148 for activity ഛ10 TPG and r ‫ס‬ +.376 for activity >10 TPG, plus data not shown).
In summary, high telomerase activity measured in primary NSCLC was found to be associated with an increased cellular proliferation index and advanced tumor stage. These findings indicate that telomerase activity may contribute to lung tumorigenesis and its progression. These observations support the concept of telomerase as an attractive therapeutic target in lung cancer.
Interferon Alfa Versus Chemotherapy for Chronic Myeloid Leukemia: a Meta-analysis of Seven Randomized Trials
Chronic Myeloid Leukemia Trialists' Collaborative Group* Background: Several randomized clinical trials in chronic myeloid leukemia (CML) have reported better patient survival with interferon alfa (IFN ␣) than with standard chemotherapeutic agents, such as busulfan or hydroxyurea. However, the size and persistence of this survival benefit is uncertain. Our aim was to assess these reliably, both overall and in particular patient subgroups. Methods: We collaborated in a worldwide overview of all clinical trials in which patients with CML were randomly assigned to receive either IFN ␣ as the main drug or standard chemotherapy. Trials were identified by electronic and hand searching of the medical literature and databases and by personal contact. Individual patient data were available for each of 1554 patients who had been randomly assigned to treatment in seven trials (German, Italian, British, French, Japanese, and ''Benelux''). Intentionto-treat stratified logrank survival analyses were performed, reporting two-sided P values. Results: Almost all of the patients in these trials had disease with the Philadelphia chromosome abnormality. Among those who did, the regimens that involved IFN ␣ produced a statistically significantly better survival than those involving either hydroxyurea (P = .001) or busulfan (P = .00007) alone. The 5-year survival rates were 57% with IFN ␣ and 42% with chemotherapy, with an absolute difference of 15% (standard deviation = 3%; P<.00001). There were no trials or subgroups of patients in which the treatment difference was statistically significantly different from the average. Chronic myeloid leukemia (CML) is a hematopoietic stem cell disorder that generally progresses, after some years of treatment, from a relatively benign chronic phase to an acute aggressive stage (blast crisis). Most patients diagnosed as having CML have leukemic cells with the Philadelphia (Ph) chromosome, in which a translocation between chromosomes 9 and 22 has resulted in the fusion of the BCR and ABL genes (which encode a serine-threonine kinase and a tyrosine kinase, respectively) to form an oncogene (1) . This definite chromosomal abnormality allows reduction of the population of leukemic cells to be monitored, and interferon alfa (IFN ␣) can cause at least temporary disappearance of the disease, as monitored by basic cytogenetics, in some patients.
Since the introduction of IFN ␣ for the treatment of CML, several randomized clinical trials have reported significantly better survival for patients treated with this biologic response modifier than for patients treated with standard chemotherapeutic agents, such as busulfan or hydroxyurea (2) (3) (4) (5) . To assess reliably the size and persistence of any survival benefit and to establish whether there is a particularly large or small benefit in various subgroups, a worldwide collaborative overview of the randomized evidence has been conducted. This form of analysis has two advantages; it avoids selective overemphasis on the results of particular studies and, because large numbers are involved, it reduces the effects of the play of chance. The aim of this collaboration was to assess the difference in survival of patients when IFN ␣ is compared with standard chemotherapy and to establish whether any such difference is greater in particular types of patient.
Materials and Methods
Randomized trials of CML treatment were sought that began before 1990 and compared IFN ␣ with chemotherapy-that is, versus busulfan, versus hydroxyurea or, in a three-way randomization, versus both. (These three-way trials also provided directly randomized comparisons of busulfan versus hydroxyurea, since they involved randomization to three treatment groups: IFN ␣ versus busulfan ver-sus hydroxyurea.) Medline and computerized clinical trial databases were searched; meeting abstracts, reference lists, and review articles were examined; and experts and pharmaceutical companies were contacted (6) . Once a relevant trial had been identified, information, including the most recent followup available, was sought on each randomized patient. This information included sex, Ph chromosome positivity, platelet and white blood cell counts, and Sokal score at diagnosis, along with dates of birth, diagnosis, and randomization. The follow-up variables collected included date last seen alive, date and type of response, date and type of any bone marrow transplant, and date and cause of death. These data were checked centrally for any obvious inconsistencies (e.g., dates out of order), for balance between treatments within different subgroups and over time, and for apparent discrepancies with any publications. As far as possible, data were to be obtained for all patients who had ever been randomized, irrespective of whether they had been included in previously published trial analyses. Tabulations of their own data (listing the numbers randomized and the numbers of deaths in various subgroups) were sent to the trialists for checking, thereby ensuring that the data had been correctly interpreted. The methods for this type of meta-analysis (i.e., based on individual patient data) have been described in detail elsewhere (6) .
Some trials allowed random assignment of Phnegative patients, but the main analyses involve only the Ph-positive patients. Since the number of patients not known to be Ph positive was small, however, their inclusion or exclusion has no material effect on the overall result.
Statistical Analysis
Intention-to-treat analyses were used, with patients compared on the basis of their randomly allocated treatment, regardless of whether it was actually received. Logrank survival analyses for each trial yielded, for the IFN ␣-allocated group, the observed number of deaths (O), the expected number of deaths (E), and the variance (V) of the difference between these values for each trial (O-E). These were then summed, one per trial, and used to calculate the death rate ratio [by the ''one-step'' approximation exp[(O-E)/V] to the hazard function ratio (7, 8) ]. These death rate ratios are sometimes described in terms of percentage odds reductions: thus, for example, a ratio of 0.70 with standard deviation (SD) 0.06 could be described as a reduction of 30% (SD ‫ס‬ 6%) in the annual death rate. All P values quoted are two-sided. For trials that involved 2:1 (or 1:2) randomization, the logrank tests are calculated in the usual way (7) , but, to balance the contribution from each randomization between the two treatment arms, the chemotherapy group counts twice (or half) just in the crude subtotals of deaths and patients. Table 1 shows the 11 trials that were identified. Data were available for seven of them. The missing *Correspondence to: CML Trialists' Collaborative Group, Clinical Trial Service Unit, Radcliffe Infirmary, Oxford OX2 6HE, U.K.
Trials Included
See ''Notes'' following ''References.'' trials were small, however, so in total about 90% of the patients in these 11 trials have been included.
In the British Medical Research Council (MRC) CML-3 (MRC-CML-3) trial, patients were induced with busulfan or with hydroxyurea (selected either by randomization or, often, by physician choice) and were randomized to receive IFN ␣ or to continue with the treatment that had been used for induction. This trial was therefore split into two, one part comparing IFN ␣ versus busulfan and the other comparing IFN ␣ versus hydroxyurea.
The German CML-1 trial began as a 1:1 randomization between busulfan and hydroxyurea, with IFN ␣ introduced as a third arm for most centers in 1986 (initially in the ratio 1:1:1 and later in the ratio 1:1: 2). In this report, these three parts of the study are analyzed separately and the results then summed. Only the second and third parts contribute directly to the comparison of IFN ␣ versus busulfan, of IFN ␣ versus hydroxyurea, or (by logrank analyses that avoid any double counting) of IFN ␣ versus chemotherapy (either busulfan or hydroxyurea) ( Fig. 1 ). Fig. 1 shows the results among Phpositive patients for each separate trial. There is an overall reduction in the annual death rate of 30% (SD ‫ס‬ 6%), which is highly statistically significant (P<.00001). Confidence intervals for each of the trials overlap this average reduction, indicating that no trial had a result that was statisti-cally significantly different from the average, and a formal test for heterogeneity between the different trial results was likewise not statistically significant. Some patients received a bone marrow transplant in chronic phase, but censoring at transplant makes no material difference to the results, giving an overall reduction in the annual death rate of 32% (SD ‫ס‬ 7%).
Results
IFN ␣ Versus Chemotherapy
The overall reduction in the annual death rate is 26% (SD ‫ס‬ 8%; P ‫ס‬ .001) in the trials of IFN ␣ against hydroxyurea, and 36% (SD ‫ס‬ 9%; P ‫ס‬ .00007) in the trials of IFN ␣ against busulfan. Although the comparison of IFN ␣ versus busulfan yields a somewhat greater reduction, this result is not significantly different from the result yielded by the comparison of IFN ␣ versus hydroxyurea. Fig. 2 shows the cumulative effect on survival. Median survival is prolonged by about 1 or 2 years and there is an improvement in the 5-year survival rates from 42% with chemotherapy to 57% with IFN ␣, an absolute difference of 15% (SD ‫ס‬ 3%; with logrank P<.00001). The absolute improvement in the 5-year survival rate is 20% (SD ‫ס‬ 5%) in the trials of IFN ␣ versus busulfan and 12% (SD ‫ס‬ 4%) in the trials of IFN ␣ versus hydroxyurea.
For Ph-positive patients, analyses within Sokal stage (13), age, and sex groups did not reveal any heterogeneity between the sizes of the effects in any of these subgroups (Fig. 3) . The analyses among Ph-negative and Ph-unknown patients are shown separately in Fig. 3 , but there were too few such patients for these results to be informative.
The results in different time periods are given separately in Fig. 3 . Throughout the first 5 years, the annual death rate was lower in those allocated IFN ␣ than in those allocated chemotherapy, but after 5 years it appears not to be. This does not, however, suggest that the benefit accrued during the first 5 years is then lost. It merely suggests that, among those who do survive to 5 years (which will be a greater proportion of one group than of the other; Fig. 2 ), the subsequent prognosis is about the same in both groups. Thus, the crude mortality during the first 5 years is 312 of 864 for the IFN ␣ patients versus 415 of 830 for the adjusted control group (i.e., 36% versus 50%, corresponding to an absolute difference of 14%, which is similar to the absolute difference of 15% in the 5-year survival in Fig. 2) . The numbers still alive and being followed at the end of the first 5 years were 254 for the IFN ␣ patients versus 185 for the adjusted con- *HU ‫ס‬ hydroxyurea, Bu ‫ס‬ busulfan, A-BMT ‫ס‬ autologous bone marrow transplant, MU/m 2 /d ‫ס‬ mega-units of interferon/square meter/day, WBC ‫ס‬ white blood cell count (in units of 10 9 /L); note that in some trials Ph-negative patients were not eligible. trol group. The crude death rate among them after the first 5 years was 80 of 254 for the IFN ␣ patients versus 55 of 185 for the adjusted control group (31% versus 30%), indicating no further difference. However, since 85% of the deaths thus far reported in these trials occurred during the first 5 years, the evidence on what happens later is limited, as may be seen from the wide 99% confidence interval for the final black square in Fig. 3 .
Hydroxyurea Versus Busulfan
The three-way comparison in the German CML-I trial (14) and the induction randomization in the MRC-CML-3 trial (4) also provide some limited evidence on hydroxyurea versus busulfan. In these two trials, hydroxyurea appeared to be the better option. In comparison with allocation to busulfan, allocation to hydroxyurea reduced the proportional odds of death by 24% (SD ‫ס‬ 10%; P ‫ס‬ .02), suggesting an absolute improvement in the 5-year survival rate of about 10% but with wide confidence intervals. Again, analyses within Sokal stage, age, sex, and Ph status groups did not show any statistically significant heterogeneity between the effects in different subgroups (data not shown), but the numbers randomized between these two chemotherapy agents are too small for such subgroup analyses to be reliable.
Discussion
For patients with Ph-positive CML, these seven randomized trials that compared IFN ␣ (as the main drug) versus continued chemotherapy demonstrate a highly statistically significant survival benefit for the regimens that involved IFN ␣, with an absolute improvement in 5year survival of 15% (SD ‫ס‬ 3%) from 42% to 57%. This estimate may be somewhat reduced, due to the inclusion in some trials of patients who were not in early chronic phase. The majority of patients with CML are over the age of 60 years, and since repeated injections of IFN ␣ can involve considerable inconvenience, costs, and side effects (2, 3, 5) , it would be useful to know whether there are some recognizable types of patient who can expect little benefit. Unfortunately, however, this cannot be determined reliably from these trials.
A larger treatment effect in the Sokal stage 1 subgroup was reported in the MRC CML-3 trial (4), but this is not confirmed in the overview. There was no statistically significant evidence of any different treatment effect in any particular sex, age, or risk group, although the possibility that IFN ␣ is more beneficial in some groups than others cannot be excluded. The number of patients randomized who were not Ph positive was too small to be informative. It is possible that the size of benefit obtained with IFN ␣ varies according to the degree and time of hematologic and cytogenetic response. However, the information available from these trials is not sufficient to investigate this properly. If chemotherapy is to be used, hydroxyurea appears better than busulfan, but regimens that involve IFN ␣ result in statistically significantly better 5-year survival than those involving either chemotherapeutic agent. There was no statistically significant heterogeneity of treatment effect between these trials, even though they used a variety of different treatment policies, but this does not preclude the possibility that some policies are better than others. In particular, it is not yet clear what the dosage or duration Fig. 1 . Ratios of annual death rates in the randomized trials of interferon alfa (IFN ␣) versus control (hydroxyurea or busulfan) in Philadelphia chromosome-positive chronic myeloid leukemia (CML): combination of evidence from different trials. Each trial result is represented by a square, with larger squares for trials with more data and a horizontal line indicating the 99% confidence interval (CI). Squares to the left of the solid vertical line indicate better results with IFN ␣, but if the CI crosses this line, the result is not significant at the P ‫ס‬ .01 level. Subtotals and the overall result are represented by diamonds whose widths show the 95% CIs, accompanied by the percentage odds reduction and its standard deviation (SD). Note: Where a trial had several parts, with separate randomization procedures, each part is analyzed separately and the results of these analyses are added together. Where randomization was in a 2:1 (or 1:2) ratio, twice (or half) the numbers of deaths and patients in the chemotherapy arm are added into the adjusted (adj) total to balance the contribution from each study, but this adjustment does not affect the calculation of the logrank observed minus expected (O-E) or its variance. The German trial was in three parts in which the hydroxyurea:busulfan:IFN ␣ allocation ratios differed, being (i) 1:1:0 (with 71 deaths of 105 to allocated hydroxyurea and 72 deaths of 109 to allocated busulfan); (ii) 1:1:1 (with mortality 13 of 35:22 of 32:12 of 27, respectively); and (iii) 1:1:2 (with mortality 22 of 53:20 of 45:30 of 104, respectively). Although there are 510 patients in parts i, ii, and iii, only the 296 patients in parts ii and iii provide directly randomized comparisons between IFN ␣ and chemotherapy. (The logrank O-E and its variance for IFN ␣ versus chemotherapy were −0.8 and 9.3 in part ii and −6.3 and 17.9 in part iii.)
Fig. 2.
Survival rates during the first 5 years in the randomized trials of (A) interferon alfa (IFN ␣) versus hydroxyurea, (B) IFN ␣ versus busulfan, and (C) IFN ␣ versus control (hydroxyurea or busulfan) in Philadelphia chromosome-positive chronic myeloid leukemia. Descriptive survival curve calculated (by modified Kaplan-Meier method) from the logrank observed minus expected and its variance in each separate year. Annual death rates in each period are calculated from the total number of deaths divided by the total ''person-years.'' Numbers at risk at the start of each year are shown for patients allocated IFN ␣ and for the adjusted control group. Vertical lines indicate one standard error above or below each plotted point.
